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TO THE EDITOR
T lymphocytes residing in mammalian
epithelial tissues mainly express the gd
T-cell receptor (TCR) (except in humans)
and maintain tissue integrity by monitor-
ing epithelial stress (Girardi, 2006;
Bonneville et al., 2010; Havran and
Jameson, 2010; Macleod and Havran,
2011; Cai et al., 2011; Girardi et al.,
2006; Hayday, 2009; Sharp et al., 2005;
Sumaria et al., 2011). Dendritic epider-
mal T cells (DETCs) are prototypic
epithelial gd T cells that reside in
murine skin and express a canonical
Vg3Vd1 (alternate nomenclature
Vg5Vd1) TCR (Girardi, 2006; Havran
and Jameson, 2010; Macleod and
Havran, 2011). Upon recognition of
stressed, neighboring keratinocytes,
DETCs secrete growth factors, cytokines
and chemokines, and they have key
roles in epidermal homeostasis, inflam-
mation, tumor surveillance, systemic IgE
response, and wound healing (Macleod
and Havran, 2011; Havran and
Jameson, 2010; Girardi, 2006).
Their recognized role in wound heal-
ing raises the question of whether
DETCs are also involved in the regula-
tion of the growth of hair follicles (HFs)
in adult mammalian skin, as the cyclic
growth and regression activity of HFs
show multiple cross-connections to
wound healing: HFs engage in lifelong,
cyclic organ regeneration (Schneider
et al., 2009), wound healing is acce-
lerated when all HFs are in the growth
stage of the hair cycle (HC) (Ansell
et al., 2010), and HF cycling is most
effectively induced by HF wounding
(depilation) (Paus et al., 1994). Moreover,
HF-derived stem cells can contribute to
epidermal regeneration, whereas skin
wounding can induce HF neogenesis
(Ito and Cotsarelis, 2008). In addition,
growth factors secreted by DETCs, such
as fibroblast growth factor 7 (FGF7) and
IGF1 (Macleod and Havran, 2011), are
recognized as major hair growth
regulators (Schneider et al., 2009).
Finally, the number of DETCs in the
epithelium of murine HFs fluctuates
significantly during wounding-induced
anagen development (Paus et al.,
1994). However, the reason for this
HC dependence of intrafollicular gd
T-cell numbers remains obscure, and
the functional role of gd T cells in HF
cycling has not been studied before.
On this background, we have
explored in this pilot study whether the
absence of gd T cells affects HF cycling.
This was done by comparing HF cycling
between wild-type (WT) and TCRd /
mice, which lack all gd T cells
including DETCs (Itohara et al., 1993;
Supplementary Figure S4 online) using
quantitative HC histomorphometry
(Muller-Rover et al., 2001).
Initially, the speed at which resting
HFs initiated and completed wounding-
induced anagen development
(Schneider et al., 2009; Muller-Rover
et al., 2001) was quite comparable
between the WT and TCRd / mice
on day 8 after depilation (Figure 1a and
b). This was reflected in a comparable
number of proliferating keratinocytes
seen in the secondary hair germ of the
HFs on day 1 (data not shown) and in
proliferating hair matrix keratinocytes
on day 8 (Supplementary Figure S1a
online). At 17 days after depilation,
i.e., just before anagen HFs sponta-
neously regress (catagen development),
all WT HFs were in the final stage of
anagen development (anagen VI). In
contrast, 430% of HFs from TCRd /
mice were still in anagen V (Figure 1c).
This significant delay in anagen comple-
tion was independently reflected by
a significantly lower HC score in
TCRd / mice (Figure 1d). As expec-
ted, there was no significant difference
in the number of proliferating matrix
keratinocytes between anagen V
and VI HFs in test and control mice
(Supplementary Figure S1b online).
Interestingly, the absence of gd T cells
subsequently accelerated HF cycling:
20% of the HFs from TCRd / mice
had already re-entered into a new ana-
gen cycle 21 days after depilation,
whereas all WT HFs were still running
through catagen (Figure 2a). The HC
score corroborated this HC acceleration
in TCRd / mice (Figure 2b). Long after
the HFs had been wounded by depila-
tion, this was further accentuated; on
day 32, most TCRd / mice showed
spontaneous anagen development,
whereas the majority of WT HFs was
still in telogen (Figure 2c and d).
To explore the underlying mechan-
isms, we quantitatively assessed mRNA
expression levels of FGF2, FGF5, FGF7,
FGF9, FGF10, FGF18, and IGF1 during
selected time points after depilation
(Supplementary Figure S2a online), as
these growth factors are recognized to
modulate murine HF cycling and/or to
be secreted by gd T cells (Schneider
et al., 2009; Kimura-Ueki et al., 2012).
These quantitative real-time reverse-
transcriptase–PCR (qRT–PCR) analyses
demonstrated that the late anagen
delay observed in TCRd / mice
coincided perfectly with slightly
reduced transcript levels of the anagen-
promoting growth factors, IGF1, FGF7/
KGF, and FGF10. These factors are also
transcribed in separated murine
epidermis and HF epithelium, with
their mRNA level markedly diminished
in the epidermis of TCRd / mice
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(Supplementary Figure S2b online).
In vitro, DETCs produced FGF18 upon
activation (Supplementary Figure S3
online), a key growth factor through
which gd T cells may modulate murine
HF cycling (Kimura-Ueki et al., 2012)
(Supplementary Text 1 online).
The gd T-cell immunohistomorpho-
metry in WT and TCRd /mice docu-
mented the expected absence of gd
T cells in the skin of TCRd / mice as
well as HC-dependent fluctuations in
the number of gd T cells in WT mice
(Supplementary Figure S4 and
Supplementary Text 2 online). More-
over, the loss of gd T cells affected the
immunocyte populations in murine skin:
Namely, on day 17 (Supplementary
Figure S5 online) and day 32 after
depilation (Supplementary Figure S6
online), the number of dermal nuclei,
mast cells, major histocompatibility
complex (MHC) class IIþ , CD11bþ
cells, and degranulated mast cells chan-
ged in TCRd / compared with that in
WT mice. As mast cells and macro-
phages can regulate murine HF cycling
(Paus et al., 1994), these alterations
could be related to the observed
HC abnormalities in TCRd / mice.
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Figure 1. TCRd / mice show a delay in hair growth on day 17 after wounding-triggered anagen induction. Hair follicles (HFs) of wild-type (WT) and
TCRd /mice on day 8 (a, b) and day 17 (c, d) after wounding-triggered anagen induction by depilation were evaluated by quantitative hair cycle
histomorphometry (Muller-Rover et al., 2001). At 1 day after anagen induction by depilation, there was no significant difference in the early stages of anagen
development (data not shown). With progressing anagen development (i.e., on day 8 after depilation), WT and TCRd / mice still did not show any significant
hair cycle differences (a), which is also reflected in the hair cycle score (b). At 17 days after depilation, almost all WT HFs had reached anagen VI, whereas
430% of HFs from TCRd / mice were still in anagen V (c). This was independently confirmed by a significantly lower hair cycle score in TCRd / mice (d).
After 2 days (day 19), most HFs in WT and TCRd / mice had spontaneously entered into HF regression (catagen) (data not shown). n¼ 3–5 mice per group,
mean±SEM; unpaired t-test, ***Po0.001. Scale bars in a and c¼ 100mm.
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Whether the latter are directly mediated
by gd T cells or result from secondary
changes in the skin immune status and/
or the cytokine/growth factor signaling
milieu remains to be dissected. Of
course, even such secondary effects are
induced by the engineered absence of
gd T cells (Supplementary Text 3 online).
To our knowledge, it is previously
unreported that gd T cells are (directly
or indirectly) implicated in a complex
organ-remodeling process such as HF
cycling (Supplementary Text 4 online).
As the importance of epithelial gd T
cells in human skin physiology and
pathology is increasingly recognized
(Girardi, 2006; Toulon et al., 2009),
and as gd T cells can be found in both
murine and human HFs (Paus et al.,
1998), this makes gd T cells and their
intracutaneous secretory activities an
interesting target for the therapeutic
manipulation of hair growth.
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Figure 2. TCRd / mice show an acceleration of hair follicle cycling on day 21 after wounding-triggered anagen induction and thereafter. Hair follicles (HFs) of
wild-type (WT) and TCRd /mice on day 21 (a, b) and day 32 (c, d) after depilation were evaluated by quantitative hair cycle histomorphometry (Muller-Rover
et al., 2001). TCRd / mice had already re-entered into a new anagen cycle 21 days after anagen induction, whereas all WT HFs were still running through
catagen (a). This hair cycle acceleration was independently confirmed by measuring the hair cycle score (b). Long after wounding-induced anagen induction, that
is, on day 32 after depilation, TCRd / mice showed a significant acceleration of HF cycling, whereas the majority of WT mice HFs were still in telogen (c).
Accelerated HF cycling was reflected in a significantly higher hair cycle score (d). n¼5 mice per group, mean±SEM; unpaired t-test, *Po0.05,
**Po0.01,***Po0.001. Scale bars in a and c¼ 100mm.
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WIF1 Is Expressed by Stem Cells of the Human
Interfollicular Epidermis and Acts to Suppress Keratinocyte
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TO THE EDITOR
Although it is possible to isolate kerati-
nocyte stem cells (KSCs) of the human
interfollicular epithelium by virtue of
their composite cell surface phenotype
(a6 integrin and CD71; Li et al., 1998;
Schluter et al., 2011), it remains difficult
to visualize them in situ within the skin.
Although murine interfollicular KSCs
can be visualized in situ by DNA-
labeling protocols combined with long
chase periods (termed DNA label-
retaining cells or LRCs; Bickenbach,
1981), this approach is not possible in
humans for ethical reasons. Our aim
was to identify single markers for
human interfollicular KSCs at the
protein level, by mining microarray
data previously generated by us to
identify genes preferentially expressed
by KSCs compared with their more
committed progeny (Schluter et al.,
2011). Interfollicular epidermal cells
from neonatal human skin tissue
can be resolved into quiescent KSCs,
cycling committed progenitor (CP) or
transient-amplifying (TA) cells, and
early differentiating (D) cells on the
basis of their cell surface phenotype,
i.e., a6
briCD71dim, a6
briCD71bri, and
a6
dim, respectively (Li et al., 1998).
Importantly, functional long-term tissue
reconstitution assays confirmed the
identity of a6
briCD71dim cells as a
bona fide stem cell population,
given their potency in reconstituting
human interfollicular epidermis for
up to 10 weeks from as little as
100 cells (Schluter et al., 2011).
Further, molecular characterization
by microarray validated their quiescent
nature (Schluter et al., 2011). Notably,
KSCs overexpressed negative regulators
of key signaling pathways including
Wnt, insulin, sonic hedgehog, and
transforming growth factor beta, shown
in Figure 1a (taken from Schluter et al.,
2011). Among the Wnt signalingAccepted article preview online 28 January 2013
Abbreviations: CP, committed progenitor; D, differentiating cell; K, keratin; KSC, keratinocyte stem cell;
LRC, label-retaining cell; TA, transient amplifying; WNT3A, activating Wnt signal; WIF1, Wnt inhibitory
factor-1
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